Highly flexible model red cells were molded of acrylamide gel and suspended in a mixture of castor oil and diiodomethane to produce a neutrally buoyant fluid suspension in which the particles behaved mechanically very much like living erythrocytes. The various suspensions were permitted to flow down long cylindrical tubes while measurements of flow rate and pressure drop were made for various concentrations. The fluid suspensions were found to exhibit nonNewtonian viscous behavior which agrees very well with that of whole blood under comparable conditions. The fluid suspensions also exhibited a yield stress below which particle motion ceases. The yield stress was found to depend strongly on particle concentration, as is the case for whole blood.
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• It is well known that whole blood, even during steady flow through rigid cylindrical tubes, does not behave as a Newtonian fluid (1) (2) (3) (4) . Instead, the velocity profile for blood changes from the parabolic shape of an ideal liquid to a blunter one, and along with this, there is a migration of erythrocytes away from the vessel wall (5) . This change increases progressively as the vessel diameter decreases. Palmer (6), Bloch (7), Monro (8) , and Branemark and Lindstrom (9) have clearly shown that erythrocytes passing through the microcirculation often undergo large radial excursions, significant distortions, or both.
Although there is a wealth of qualitative information available on this subject, little is known about the pressure-flow relationships for these conditions, nor is there much information on the influence of the flexibility of the red corpuscles on the viscous fluid behavior.
To carry out the quantitative parametric studies required to obtain such information, large-scale model experiments were used in the present investigation. This not only facilitates observation and accurate measurement but also permits the variation of each parameter one at a time. Many investigators have contributed toward an increased working knowledge of the behavior of whole blood by employing model flow systems. Goldsmith and Mason (10, 11) , Segre and Silberberg (12) , Bugliarello and Hayden (13) , and Sacks and Tickner (14) have used rigid particles of various sizes and shapes and at various concentrations to study certain blood flow anomalies. Miiller (15) and Sutera and Hochmuth (16) performed tests with hard rubber disks to simulate blood flow, but, as Miiller himself pointed out, it is not likely that these rubber disks would behave in the same manner as the highly flexible erythrocyte.
Some attempts have been made to investigate the effects of flexibility of the red cell on the viscous behavior of whole blood by artificially hardening the erythrocytes (17, 18) . However, the erythrocyte's actual physical structure and elastic behavior in either the normal or hardened condition is not complete-ly understood. That the normal red cell consists essentially of a liquid-filled membrane is generally agreed upon (19) , but the coupled behavior of the membrane and its contents in a flow situation is largely unknown. Attempts have been made to allow for the extreme flexibility of the red corpuscle in model systems by the use of both gas and liquid bubbles (20, 21) , but the undisturbed particle shape in such cases is necessarily spherical, and the disturbed shapes during flow do not appear to represent realistic red cell shapes. Furthermore, the elastic contribution of the red cell membrane is not represented at all, nor are the surface boundary conditions of the erythrocytes represented. The present investigation represents an attempt to achieve a more realistic simulation by the use of an extremely flexible material which was molded into disk-shaped particles.
Theoretical Considerations
To simulate a fluid flow problem, it is essential that the laws of dynamic similarity be satisfied in order to assure a proper simulation. That is, the appropriate nondimensional parameters have to be matched to guarantee that the detailed behavior of the model flow system will duplicate that of the system being simulated. For the problem of steady blood flow in a rigid cylindrical tube, if we assume that the red cell is a homogeneous, neutrally buoyant, elastic disk, then the pressure gradient dp/dx along the tube can be expressed in the form dp/dx = /,
where p and (J LI , are the base fluid density and viscosity, V,,, is the mean bulk velocity, D and I are the diameter and length of the tube, and d, h, (f>, and E are the diameter, thickness, concentration, and elastic modulus of the suspended particles. By dimensional analysis (22) , we find that the pressure drop per unit length, in terms of a dimensionless friction factor C/, can be expressed as a function of certain dimensionless groups of variables as follows:
(dp/dx) (D/4)/(KpV M a ) = C,=
Furthermore, we recognize the first variable as the flow Reynolds number and note that for very long tubes (l/D> 50) the skin friction coefficient was independent of l/D. Finally, if we restrict our investigation to particles which simulate the red blood cell, then the value of h/d is fixed. Thus, for our purposes, we can simplify equation 2 to the form
where the last variable is the "Cauchy number" which relates the dynamic pressure of the flow to the elastic modulus of the cell. Ideally, then, our model system should enable us to vary each of these four variables independently. The experimental results, if presented in dimensionless form such as plots of C/ against Re, should then be identical for the real and simulated systems, regardless of their physical size. Since we could not select a particle material whose elastic modulus varies with dynamic pressure, we were not able to keep the Cauchy number fixed. Rather, we selected a material of the desired elasticity for the particle and permitted the Cauchy number to vary with the Reynolds number, as it does in the real system. Thus, we dealt with particles of a given elastic modulus and conducted experiments over a range of Reynolds numbers and concentrations for different particle-to-tube diameter ratios which are appropriate to the living system. Having established the dimensionless parameters essential to the problem at hand, we did not have to work at the inconveniently small scale of the living microcirculation. Accordingly, we scaled our experiments to a size which permitted easy observation. It is, in fact, the lack of such scaling in simulated biological systems that we believe has rendered observations and measurements difficult in the past and has often led to inconclusive results.
Since we were concerned here specifically with effects related to the flexibility of the red 
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cell, we confined our study to ranges of the parameters over which such effects may be significant in the real system, namely the arterioles and venules of the living microcirculation. The capillaries themselves were specifically omitted, since we believe the detailed cell shape may be so important there as to require more carefully molded biconcave disks. Such an investigation is now under way and will be reported at a later date.
The particle concentrations in the present tests were varied from zero to a value greater than 50%. To bracket the Reynolds numbers of the living system, a very wide range of flow rates was actually studied, yielding Reynolds numbers from 10~8 to values approaching 10 In describing the mechanical behavior of solid materials, the stress-strain diagram is referred to for a particular material, and the slope of the curve is called the modulus of elasticity for the material. Similarly, in describing the viscous behavior of fluids, we refer to the stress-strain rate diagram, and here the slope is called the coefficient of viscosity for the liquid. If the curve is a straight line and passes through the origin, there is a single coefficient of viscosity for all strain rates and we say that the fluid is Newtonian. In the case of fluids flowing through tubes, the stress in question is the shear stress at the wall, and the strain rate is related to the flow rate. In particular, if we equate the shear forces to the pressure forces acting on a cylindrical fluid element, we can easily show that the wall shear stress r w is given by r w =(D/4)(dp/dx). It is apparent that the measurements which are essential to determining the fluid viscous behavior are the tube diameter, the pressure gradient, and the flow rate. These quantities were therefore measured in the present tests over a wide range of flow parameters, and the results are presented in dimensionless form so that they are applicable to any scale. It will be recalled from the previous paragraphs that the dimensionless form of the pressure drop or wall shear stress is the friction factor C f , and the dimensionless form of the strain rate or flow rate is the Reynolds number, Re. It can be shown that for laminar flow (Re < 2000) of Newtonian fluids this relationship is simply
Methods
APPARATUS
The purpose of this study was to observe the flows of various suspensions of flexible particles in long cylindrical tubes and to determine their viscous behavior. To this end, tests were performed in which the base fluid with the suspended flexible particles flowed from a large reservoir through a long horizontal tube and discharged into the open air. The entire system was made of clear plastic, and the flexible particles, which are normally clear, were dyed blue-green with a household food coloring and suspended in a clear oil to facilitate visual observation. In addition, a clear optical adapter was made by boring a hole through the entire length (approximately 30 cm) of a piece of polished acrylic plastic with a square cross section. Since the chosen plastic had the same index of refraction as the base fluid, it was possible to view the undistorted flow passing through the adapter.
MODEL OF THE RED CELL
Because of the known ability of a normal red cell to pass undamaged through a vessel of considerably smaller diameter than the maximum dimension of the cell itself, die primary aim in the present simulation was to produce a simulated erythrocyte of extreme flexibility which would exhibit similar capabilities. We also required that the model erythrocyte be geometrically similar to the real red cell in overall dimensions, and so we could not increase flexibility by reducing the thickness-diameter ratio. Hence, we had to use a material with an extremely low elastic modulus. This requirement was satisfied by the use of small-pore polyacrylamide gel (23) for molding the simulated red cells. This material, which is a 392 TICKNER, SACKS synthetic polymer formed from low molecular weight chemicals, will solidify at room temperature in 20 minutes and can be synthesized in various concentrations to achieve the desired elasticity. The selected mixture had an elastic modulus of about 5 X 10 4 dynes/cm 2 (as compared with about 10 7 dynes/cm 2 for gum rubber) and a value of Poisson's ratio of nearly 0.50.
For the present investigation, approximately 200,000 particles were required to attain a sufficient volume of fluid suspension with the desired particle concentrations. Therefore, the shape of the particles was simplified to that of a flat disk, and the particles were produced in lots of 2,400 using three stainless steel plates which had 800 holes each. The thickness of the plates was 1.3 mm, and the diameter of the holes was 5.6 mm. Immediately after mixing the solution, the acrylamide gel mixture was poured onto the plate (which was sandwiched by two pieces of parafilm) and allowed to gel. Each particle was then pushed out of the mold with a glass rod and into a vat of castor oil. Since water diffuses out of the gel over a period of time, this castor oil was later drained off before the particles were used in the final mixture.
The elastic properties of the acrylamide gel were determined by photographing the grid marks on a molded cylinder of gel which was suspended vertically from one end. By using the equations of equilibrium and compatibility from elasticity theory (24) for the small displacements of a vertically suspended bar under the axial loading of its own weight, one can write mathematical expressions for the axial and lateral displacements of the specimen in terms of Young's modulus and Poisson's ratio for the material. It is then a simple matter to determine these two quantities from the measured displacements, if the material is assumed to be homogeneous and isotropic.
The degree of flexibility of the simulated red cells used in the present tests can perhaps best be appreciated by noting that we had some difficulty in keeping the suspended cells from entering the pressure holes drilled through the tube wall. That is, cells which were either rolling or sliding along the tube wall were occasionally observed to fold over and enter the pressure taps without breaking. The undeformed particles measured 5.55 ± 0.88 mm (SD) in diameter as compared with the pressure tap, which measured 2.7 mm in diameter.
BASE FLUID
The acrylamide disks had a specific gravity (sp. gr.) of 1.042 ± 0.002. Because this figure is somewhat greater than that of castor oil (sp. gr. = 0.961), which has the desired base fluid viscosity, it was necessary to mix a very dense fluid with it so as to increase the specific gravity without appreciably altering the viscosity. This was accomplished by mixing diiodomethane (sp. gr. = 3.3) with castor oil. By properly combining these two fluids, it was possible to make the particles neutrally buoyant. Later tests verified that the final combination of castor oil and diiodomethane behaved as a Newtonian fluid over the entire test regime and had a coefficient of viscosity of 488 centipoise.
MEASUREMENTS
The static fluid pressure was measured at seven axial positions along the tube by means of a single strain-gauge pressure transducer which could be manually rotated to connect with each position. The mean steady-flow volume flow rates were determined by measuring the time required to fill a graduate. The measured volume included both particles and fluid. The average particle concentration by volume was determined from the measured volume of packed particles in calibrated sieves and the total collected volume. The actual particle concentrations referred to herein are the volume averages of the total number of runs involving the same reservoir concentration. Individual tests departed slightly from this figure.
All of the tests were run at room temperature ( 2 2 ± 2°C ) . Once or twice a day, a standard hydrometer (1.000 to 1.050) was used to measure the specific gravity of the fluid. There were slight changes throughout the day because the diiodomethane is volatile. The average specific gravity was found to be 1.042.
Discussion of Results
FLOW REGIMES
We are going to discuss qualitative results from visual observations on several hundred tests and the study of motion pictures made in the process. In many instances, the linear velocities of the particles were so high that individual particles were not observed directly, and it was necessary to view the films which were taken at a camera speed of 64 frames/sec. On a few occasions, this speed was insufficient to stop the particle motions. The tests were begun at low concentrations with a wide variation in Reynolds number for each reservoir concentration in the larger tube (d/D = 0.22). Then the reservoir concentration (</>) was increased and tests were repeated.
Since the living system has a high hematocrit (approximately 40%), not too many tests were run at low concentration. However, it was important to view the test results at this level so as to define the changes with increasing particle concentrations. At extremely low concentrations (<j)<l%), the particles passed down the tube relatively free of one another; they did not appear to interact. At low flow rates, these highly flexible particles could be seen tumbling without any noticeable bending, much in the manner of rigid disks as described by Goldsmith and Mason (11) . At the higher Reynolds numbers or flow rates, the particles seemed to stabilize with the plane of the disk in the radial plane of the tube, each particle spinning about its own axis of revolution. Rigid disks behave in the same manner (10, 14) . At these higher Reynolds numbers, the particles migrated to a favored radial position (the tubular pinch effect) as first noted for rigid particles by Segre and Silberberg (12) .
At higher concentrations, increasing numbers of particles were flattened against the tube wall. These particles moved at greatly reduced velocities compared to those found in midstream. As a result, the main stream, which formed a rather compact central core and moved at nearly constant speed, tended to move in a rather sinuous path down the tube, moving away from the slower moving particles at various positions along the tube. Once in a while, a particle would actually affix itself to the wall. After this phenomenon was observed, a small metal ring (spoiler) was placed at the tube entrance so that all of the particles entering the tube by sliding along the wall were peeled from it by the spoiler. Any particle entering the tube more than 1 mm away from the wall was unaffected by the spoiler. After the introduction of the spoiler, no particles were found on the wall up to two or three diameters downstream. However, farther downstream particles were still found flattened against the wall just as before, where they slid along at very low velocities or stuck on the wall. In short, the spoiler did not seem to alter the number of such particles. Such observations are not without their in-vivo counterparts. Bloch (7) reports seeing erythrocytes sliding against the wall in his movies.
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He states, "Erythrocytes were found frequently in very close proximity to the wall, apparently touching the wall or 1-2 JJL from it, sometimes in nearly every frame of the film." Other investigators (25) (26) (27) have made similar in-vivo observations. Comparable observations are reported for whole blood in vitro (28-31).
At higher particle concentrations, increasing the flow Reynolds number did not bring about the dramatic change in particle positions seen at the lower particle concentrations, nor did the flow exhibit the vivid flow regimes discussed by these authors when rigid particles were studied (14) . Instead, we observed very subtle changes. Individual particle distortions, particularly near the wall, became increasingly pronounced with increasing Reynolds number. Sometimes particles completely folded on themselves. Large clumps of particles were also seen twisting and turning as they migrated along the tube. Individual particles did not appear to spin, as seen at the lower concentrations. At very high concentrations (<f>>40%), many rouleaux were formed, sometimes numbering ten or more particles each. At the higher Reynolds numbers, the number of rouleaux seemed to be reduced, thus reflecting the greater stress levels.
At high flow rates or high Reynolds numbers (Re> 10) and high particle concentrations (<£>30%), the axial accumulation of particles referred to by many authors (12, 19) was clearly visible. However, even though there was a relatively clear layer of fluid adjacent to the wall, a number of particles could be seen within this layer. Occasionally at these higher flow rates, a few of those particles were peeled off the wall and they quickly entered the faster moving central core. Qualitatively, there appeared to be a correlation between the number of particles remaining on the wall after a test and the wall shear stress of that test (the higher the stress, the fewer such particles). Unfortunately, because this was not anticipated in advance, quantitative measurements were not made.
In the smaller tube ( d / 0 = 0.44), similar types of flows existed. Perhaps the degree and frequency of particle interaction were in- 
FIGURE 1
Variation of flow parameters with particle concentration.
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creased over those viewed in the larger tube. Slowly moving particles were seen sliding along the wall. However, unlike the smaller d/D tests, these slowly moving particles occasionally blocked a large clump of particles moving past it. Such clumps were decelerated by this interaction and formed a new clump which had entrained the slowly moving particles on the wall and moved at a somewhat reduced velocity. In essence, this produced changes in the local average particle concentration along the tube length. This phenomenon produced small pressure fluctuations as a suspension of high concentration moved by a pressure tap. Although considerable care was taken to avoid damage to the model erythrocytes during the experiments, fragments were still generated. The longer the experiments continued, the greater was the percentage of fragments. Initially, less than 1% of the total volume of particles consisted of fragments. This value rose to nearly 10% after nearly all the tests. Surely some of these were particles broken in the collection process; however, it is doubtful that some 20,000 particles would be fragmented in this manner in less than 300 tests. Instead, we must look to structural loadings on the particles in the tube. It is possible that hydrodynamic forces are sufficient to cause some particles to fail, since their ultimate stress is only 10 4 dynes/cm 2 .
VISCOUS BEHAVIOR OF SUSPENSION
One of the primary objectives of this study was to determine the quantitative rheological behavior of a suspension of flexible disks flowing in long cylindrical tubes. Specifically, one of the questions to which we sought an answer was, "Does a suspension of flexible particles in a Newtonian fluid exhibit nonNewtonian characteristics?" It has already been shown that, for the most part, suspensions of rigid particles behave as nearNewtonian fluids (14, 17) . Figure 1 provides an answer to this question. Here we have plotted the wall shear stress (or pressure drop) against flow rate. For Newtonian fluids, the results would be a family of curves all with a slope of 1 when plotted on a log-log graph, since for such fluids the flow rate is proportional to the wall shear stress or the pressure drop over the length of the tube. It can be seen that for low concentrations the data in Figure 1 Perhaps the clearest understanding of the non-Newtonian fluid behavior can be gained by calculating the variation of relative viscosity with strain rate. The relative viscosity of a fluid suspension is defined as the ratio of its apparent viscosity to the viscosity of the Newtonian base fluid. The apparent viscosity, in turn, is given by Pa = Tjy,
and the strain rate y is related to the flow rate Q by the expression (32) 
where n is the slope of a log-log plot of wall shear stress against flow rate for a tube of radius a. That is,
For Newtonian fluids in laminar flow, n becomes identically equal to 1, and equations 7 and 8 yield the familiar Poiseuille's equation. For highly concentrated clay suspensions, n may be as low as 0.10 and Poiseuille's equation is not applicable (32) . Hence we conclude that n is an index or a measure of non-Newtonian behavior, varying from 1 to 0 for most fluids. Equation 8 is applicable to a wide variety of non-Newtonian fluids such as Casson and Bingham fluids as well as to the so-called power-law and Newtonian fluids. In fact, the curves plotted in Figure 1 were determined by a least-squares 1 curve fitted to the Casson equation (33) . For the two cases of a power-law or a Newtonian fluid, the determination of n is quite simple, since n remains constant for all stress levels. For other fluids, n increases with strain rate. Values of n for whole blood vary from zero to nearly one, depending upon the strain rate, hematocrit, and amount of fibrinogen in the blood.
The non-Newtonian index, strain rate, and coefficient of viscosity were computed in that order from equations 9, 8, and 7. very viscous fluid was required to simulate whole blood, it would be pointless to compare coefficients of apparent viscosity. However, comparing the relative viscosity of the two is both instructive and significant. The relative viscosity yu. r is defined as
For the case of whole blood, the base fluid is the blood plasma. If comparable non-Newtonian effects are associated with identical strain rates in whole blood and in the simulated fluid, then the relative viscosities of the two will vary in a similar fashion. Thus one can compare very viscous fluids with much less viscid ones without being overwhelmed by their absolute magnitudes. The relative viscosities for the flexible particle suspensions at selected concentrations are presented in Figure 2 for the two diameter ratios tested. The curves represent the result of applying equation 10 to the least-squares curve fit through the data in Figure 1 . Note that at the low concentration of 10% in Figure  2 the curve is essentially a horizontal straight line, which indicates that at that concentration the suspension behaved nearly as a Newtonian fluid. The relative viscosity of 1.5 indicates that it was 50% more viscous than the base fluid. The fact that the remaining data are less flat indicates an increasing degree of non-Newtonian behavior. The degree of non-Newtonian behavior increased with concentration and decreased somewhat with increasing strain rate. Although all of the data are not presented in Figure 2 , the general character of those not shown was the same. If we apply the same data reduction technique to their data, we can construct a plot of relative viscosity as a function of strain rate (Fig. 3) . Again, we note the strong departure from Newtonian behavior at the lower strain rates. The general character is quite comparable with that of the simulation (Fig. 2) , in fact, so much so that the two are compared in a composite plot (Fig. 4) . This composite graph incoqDorates Haynes' and Burton's 
FIGURE 4
Comparison of viscosity data for flexible particle suspensions and for blood.
results along with other blood viscosity data (see Fig. 3 ) and the flexible particle data of the present tests. The particle concentration was approximately 40% in all cases. The solid symbols refer to the flexible particle data. The curve was fit through the flexible particle data with a d/D of 0.22. The agreement with all the other data is quite good. It is also interesting to note that the relative viscosity of blood taken from other sources agrees well with Haynes' and Burton's data. This suggests that the relative viscosity of blood may hold rather constant over wide ranges of d/D in that the d/D ratios of the data presented in Figure 4 vary from 0.01 to 0.44. Hence, relative viscosity appears to be a true characteristic of the fluid which is independent of d/D in the range tested.
YIELD STRESS
One of the truly surprising outcomes of this model study was the observation that the fluid suspension actually has a measurable yield stress. The yield stress in this case is defined as the minimum shear stress required to give the flexible particles a translatory velocity. Consequently, below this value the particles within the tube remain stationary while the base fluid still permeates through the matrix of particles. The reason for this behavior is unknown at this time. This behavior is somewhat different from the equivalent condition for whole blood. For whole blood subjected to shear stresses below the yield stress, no flow exists, not even plasma flow. However, for conditions of hemostasis, complicated biochemical changes start to take place which change the suspension to a gel and arrest the flow of blood plasma. The inert model cannot experience such chemical changes upon stasis.
Inasmuch as simple fluids such as water and most oils do not possess a yield stress, it can be seen that the yield stress for the suspension depends strongly on the particle concentration. Thus, if at some point in the tube the local concentration slightly exceeds the average, stasis could be initiated at that point. Then the bulk flow rate would be suddenly reduced, causing stasis throughout the tube. As a net result, the pressure gradient for stasis is not a definite, repeatable figure, even for a given particle concentration. It is possible to bracket this value by repetitive tests, but such time-consuming tests were not performed. Instead, tests were run at decreasing shear Dependence of yield stress on concentration of flexible particles. stresses until stasis was observed. It then becomes necessary to extrapolate to the probable yield values. The expected errors at low concentrations are perhaps ± 50% and at high concentrations, ± 10%. If we plot the computed shear stress against AQjiro ? (Fig.  1) , then one can see the definite trend toward a yield value. The actual extrapolations based on Casson's equation (33) are given by the dashed curves. Figure 5 presents a plot of the resulting yield stress against the average particle concentration.
As a further check on the value of the yield stress, a special test was performed which was originally conceived by Charm (34) for measuring the yield stress of whole blood. A capillary tube was drawn out to an extremely small tapered diameter, filled with whole blood, and placed vertically with the large diameter at the bottom. The heavier red cells then settled out of suspension, at least below some critical diameter of the tube, leaving a particle-free layer. Above this diameter, some red cells did not settle because they were being supported by the local shear stresses. Thus, expressing the balance of forces mathematically at this interface, we find that the wall shear stress (yield stress of the suspension) is given by os 9), (11) where Ap is the difference in mass density between particles and fluid, g is the gravitational constant, 6 is the angle of taper, and D refers to the diameter at the interface between red cells and clear plasma. For the present experiment, the simulated red cells were suspended in a fluid of lower specific gravity in a large (25 mm maximum diameter) truncated cone of acrylic plastic. After sedimentation, the diameter of the cone at the interface was determined photographically, and the corresponding yield stress was calculated from Charm's formula (equation 11). These results, which are indicated in Figure 5 by the solid symbols, show good agreement with the tube flow results. The cone was not large enough to permit the determination of yield values for concentrations of more than 40%. Both methods show that the suspension of disks exhibits a definite yield stress which is strongly dependent upon the particle concentration.
In conclusion, for the first time, a fluid suspension of large-scale simulated erythrocytes has been produced which closely mimics the non-Newtonian viscous behavior of whole blood down to the smallest vessels outside of the capillaries. Not only were the individual motions and distortions of the flexible particles reminiscent of erythrocyte behavior as seen in the living microcirculation, but the fluid suspension exhibited a definite yield stress as well as a decrease in apparent viscosity with increasing strain rate. Furthermore, both the yield stress and the apparent viscosity were found to increase with particle concentration.
It would seem that such a model of whole blood might be useful in studying the effects of changes in red cell characteristics which were associated with various blood diseases.
